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Abstract 
Efficient and cost-effective soft magnetic materials (SMMs) are essential for accelerating the adoption of 
electric vehicles and the sustainable growth of renewable electricity. While amorphous and 
nanocrystalline SMMs offer remarkably low magnetic losses, their poor mechanical properties, limited 
availability in size and shape (particularly ribbon widths), and high cost prevent them from widespread 
industrial application. Here, we show that ductile Fe-6.5%Si 2-D flakes could be used as building blocks 
for making high performance bulk SMMs. This approach bypasses the brittleness problem and creates a 
new morphology and a new fabrication method for the SMMs with improved energy efficiency and lower 
processing cost. Ductile Fe-6.5%Si flakes are mass-produced by melt spinning and are then consolidated 
to bulk SMMs with a brick-wall type of structure. The novel process introduces anisotropic electrical and 
magnetic properties and enables near net shape processing. Resulting Fe-6.5%Si thin sheets display low 
iron loss (W10/400 = 6.1 W/kg) and high permeability (µr = 28,000), which are comparable to the current 
state of the art high silicon steel. CaF2 coating reduces the iron losses for thick Fe-6.5%Si parts. Polymer 
coated Fe-6.5%Si flake cores show potential for high power inductors with greater permeability and lower 
losses than traditional powder cores. 
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a b s t r a c t 
Efficient and cost-effective soft magnetic materials (SMMs) are essential for accelerating the adoption of 
electric vehicles and the sustainable growth of renewable electricity. While amorphous and nanocrys- 
talline SMMs offer remarkably low magnetic losses, their poor mechanical properties, limited availability 
in size and shape (particularly ribbon widths), and high cost prevent them from widespread industrial 
application. Here, we show that ductile Fe-6.5%Si 2-D flakes could be used as building blocks for making 
high performance bulk SMMs. This approach bypasses the brittleness problem and creates a new mor- 
phology and a new fabrication method for the SMMs with improved energy efficiency and lower process- 
ing cost. Ductile Fe-6.5%Si flakes are mass-produced by melt spinning and are then consolidated to bulk 
SMMs with a brick-wall type of structure. The novel process introduces anisotropic electrical and mag- 
netic properties and enables near net shape processing. Resulting Fe-6.5%Si thin sheets display low iron 
loss (W10/400 = 6.1 W/kg) and high permeability (μr = 28,0 0 0), which are comparable to the current 
state of the art high silicon steel. CaF 2 coating reduces the iron losses for thick Fe-6.5%Si parts. Polymer 
coated Fe-6.5%Si flake cores show potential for high power inductors with greater permeability and lower 
losses than traditional powder cores. 
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
1. Introduction 
Intensive competition for lower capital and ownership cost de- 
mands electric machines and power electronics with higher power 
density and efficiency. A common approach to increased power 
density is to increase excitation frequency. However, operation at 
a higher frequency has adverse impacts on a system’s efficiency 
due to increasing magnetic losses, which include hysteresis loss 
(W h ) and eddy current loss (W e ). W h occurs due to the lag be- 
tween magnetization and applied field originated from domain 
wall motion and domain rotation processes. To minimize hystere- 
sis loss, SMMs should have high permeability so that a high mag- 
netic flux can be achieved with less current and low coerciv- 
ity so that less magnetic energy is wasted on demagnetizing the 
magnet. It should also have high saturation magnetization (M s ) 
∗ Corresponding authors. 
E-mail addresses: gaoyuan@iastate.edu (G. Ouyang), cuijun@iastate.edu (J. Cui). 
for realizing higher energy density. Coercivity is sensitive to the 
magnetocrystalline anisotropy energy (MAE), which is an intrin- 
sic property determined by the crystal structure and how it is 
coupled to the magnetization. Coercivity is also sensitive to mi- 
crostructure. Defects, precipitates, texture, and grain size all play 
roles in delaying the magnetic domain reversal process. Remark- 
ably low coercivity ( < 1 A/m) can be achieved with two opposite 
strategies: one is the nanocrystalline approach ( < 20 nm) based 
on “random-walk” theory requiring grain sizes to be smaller than 
the exchange correlation length [1] ; the other is the more tradi- 
tional large grain approach ( > 0.1 mm) [2] which reduces the do- 
main wall pinning effect by grain boundaries. W e is the result of 
Faraday’s law. Circulating currents are generated when a conduc- 
tive SMM is subjected to a changing magnetic field. To minimize 
W e , SMMs should have higher electrical resistivity and thinner 
cross-sections. Magnetostriction, which describes the shape change 
when (de)magnetized, is also an important property for SMM. Low 
magnetostriction is essential for reduced operation noise and con- 
tributes to high permeability. 
https://doi.org/10.1016/j.actamat.2020.09.084 
1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Electrical steel with a silicon content of 3.2% (all elemen- 
tal fractions are in wt.% unless otherwise noted) has been and 
still is the most widely used soft magnetic material. It has well- 
balanced physical properties and lowest cost among all available 
SMMs. However, this century-old SMM is inadequate for higher 
frequency operation. Specifically, its relatively low electrical resis- 
tivity of 52 μ cm will result in prohibitively high eddy current 
loss for any application with frequencies above 1 kHz, even with 
the laminate thickness as thin as 0.1 mm [3] . Thinner gage sili- 
con steel bears higher costs due to the sophisticated rolling pro- 
cess and heat treatment required. Amorphous and nanocrystalline 
SMMs are the materials of choice for mid-frequency applications 
(1 kHz–1 MHz). They are available in a variety of thicknesses 
(0.02 to 0.1 mm), with resistivities as high as 135 μ cm (Met- 
glas® Fe 78 Si 9 B 13 ). While research has allowed saturation magneti- 
zation of amorphous and nanocrystalline SMMs to gradually im- 
prove, the fundamental need for a large amount of glass form- 
ing elements (e.g., B) to lower its eutectic melting point limits 
the maximum magnetization. Also, the typical brittleness associ- 
ated with the amorphous and nanocrystalline materials further 
limits their applications. Hitperm ((FeCo) 44 Zr 7 B 4 Cu 1 ) is a ductile 
nanocrystalline SMM, but its high cobalt and zirconium content 
imposes high raw materials cost. Soft ferrites are typically used in 
high frequency applications (1 MHz–1 GHz) due to their giga-range 
(10 9 ~ 10 12 μ cm) electric resistivity. However, their low satura- 
tion magnetization ( < = 0.5 T) sets a limit on the available power 
density that can be achieved [4] . 
High silicon steel with 6.5% Si is a promising SMM for 0.4–
1 kHz applications [3] . Most of its physical properties are at- 
tractive, except for its poor mechanical properties with current 
processing methods. It has much increased electrical resistivity 
(82 μ cm), compared to the 52 μ cm of 3% Si steel, good sat- 
uration magnetization (1.8 T), exceptionally low magnetostriction 
(0.1 ppm), and low losses (8 W/kg at 400 Hz and 1 T) [5] . However, 
the material is too brittle to be manufactured using cost-effective 
cold rolling methods. Increasing brittleness with silicon content 
is attributed to the heterogeneous formation of a B2/D0 3 ordered 
phase. Such brittleness can be greatly reduced if the 6.5% Si steel 
is rapidly cooled from the high temperature A2 disordered phase. 
Research shows that once the cooling rate exceeds 3.5 × 10 5 °C/s, 
all D0 3 phases can be suppressed and the resulting sheet is ductile 
[6] . Planar flow casting is a suitable method for mass-production 
of 6.5% Si steel sheet because of its rapid solidification rate and 
direct formation of thin, ductile sheets desired for higher fre- 
quency applications. But, the method has limitations on sheet 
width ( < 250 mm) due to melt instabilities on wide water cooled 
copper wheel and the requirement for surface smoothness. Here, 
we report a novel melt-spinning approach. Instead of continuous 
ribbon, it produces small ductile flakes (2 × 2 × 0.05 mm 3 ). These 
flakes can be easily assembled and hot-pressed into near-net-shape 
samples (directly producing complex shape samples through sim- 
ple compaction without the need for additional machining), which 
will greatly simplify the motor stator/rotor fabrication processes. 
2. Materials and methods 
The Fe-6.5%Si flakes were prepared by melt spinning, using 
a custom-built system. The nozzle orifice size was 0.8 mm by 
2.7 mm, formed in the bottom of each quartz crucible. The ejection 
temperature, ejection pressure, and wheel speed were 1650 °C, 40–
45 Torr, and 8 m/s, respectively. A copper wheel with a circumfer- 
entially grooved surface was used. Each of the grooves is 0.1 mm 
deep along the wheel radial direction, 0.1 mm wide along the 
wheel tangential direction, and 10 mm long in the wheel axial di- 
rection. The grooves serve to break up the continuous melt stream 
for flake formation. The spacing between each groove is 2.7 mm. A 
snapshot of the melting spinning process was recorded using a 12- 
bit complementary metal-oxide semiconductor (CMOS) high-speed 
camera. Resulting flakes were loaded into a boron nitride coated 
graphite die for hot pressing using a custom-built hot press. A hot 
pressing temperature of 800 °C and a pressure of 45 MPa were 
used to densify the samples. The hot-pressed samples were sin- 
tered at 1100 °C for 2 h before they were machined into rings 
by electrical discharge machining (EDM) for closed-loop magnetic 
testing. The rings were subsequently polished to the desired thick- 
ness. 
The inorganic coating of the flakes was done via a solution 
coating technique. The flakes were first placed into a beaker with 
5 mol/cc Ca(NO 3 ) 2 water solution. Then 2.5 mol/cc KF aqueous so- 
lution was added slowly into the mixture with constant stirring. 
The flakes were then washed and dried after mixing. The organic 
bonded magnetic cores were coated and bonded by epoxy poly- 
mer, where flakes were mixed with 5 wt% (or ~25 vol%) epoxy, 
and then cold pressed into a 5 mm thick ring and cured. The same 
procedure was used to prepare a powder core with fully annealed 
~100 μm ball milled powders. 
Magnetic saturation of the samples was measured by an open- 
loop magnetic testing method using a vibrating sample magne- 
tometer (VSM) (Versalab, Quantum Design, Inc.). Closed-loop mag- 
netic properties of the ring samples were measured by a Soft Mag- 
netic Tester (SMT-700, Magnetic instrumentation). The ring sam- 
ples were wound by two sets of magnet wires, one for mag- 
netic flux density measurement, the other for applying the mag- 
netic field. For the 0.11 mm ring measurement, five rings with 
an average thickness of 0.11 mm were stacked together and lam- 
inated by paper in order to increase the cross-sectional area for 
improved signal quality. For the polymer bonded composite rings, 
the magnetic flux density was measured accounting only for Fe- 
6.5%Si, while the nonferromagnetic portion (pores and resin) was 
excluded for acquiring the actual behavior of the Fe-6.5%Si mate- 
rials. The same method was used on iron powder cores by others 
[7] . 
The cross-sectional images were taken using a scanning elec- 
tron microscope (SEM) (Teneo, FEI Inc) equipped with an energy 
dispersive X-ray spectroscopy (EDS) detector. An X-ray diffractome- 
ter (Philips PANalytical X’pert Pro, PANalytical) with a cobalt tar- 
get was used for the X-ray diffraction (XRD) scans. Microhardness 
measurements were done using Leco LM247AT micro-indentation 
hardness tester using a 50-gram load with 13 s dwell time. The 
strength and modulus of the sample were measured by 3 point 
flexure test according to ASTM C1151–13 with a modified span of 
8 mm. The electrical resistivity measurement was done on rectan- 
gular samples using the four-wire method. 
3. Results and discussion 
3.1. Fe-6.5%Si flake synthesis and consolidation 
The flake production process is shown in Fig. 1 a where the melt 
stream wets the wheel and is drawn in the rotation direction dur- 
ing quenching and then broken up into small fragments, forming 
the flakes. The flakes are rectangular cuboids (inset in Fig. 1 a) with 
an average size of 2.7 × 2.5 × 0.05 mm 3 . With tangential wheel 
speed increasing from 8 to 30 m/s, flake thickness can be reduced 
from 0.05 to 0.03 mm. Columnar grains with a strong < 001 > di- 
rection out of plane texture are present in the flakes ( Figs. 1 b 
and 2 a), which follows the heat extraction direction. The as-spun 
flakes can be readily consolidated by hot-pressing into a mono- 
lithic sample with 97.6% green density (7.30 g/cm 3 ). Pores are ab- 
sent, as shown by the SEM images; however, Inter-flake boundaries 
(10 0–20 0 nm) are observed in the hot-pressed sample ( Fig. 1 c). 
Heat treatment at 1100 °C resulted in significant grain growth 
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Fig. 1. (a) a snapshot of the melt spinning process (inset showing photos of the flakes); (b) Cross-section micrograph of the flake; (c) micrograph showing hot-pressed 
sample with inter-flake boundaries; (d) micrograph showing 1100 °C heat-treated sample. 
Fig. 2. (a) XRD patterns from the surface of the hot-pressed sample, flakes, and powders; (b) Zoomed in XRD patterns showing 30–40 ° regions for the hot-pressed sample 
and the flakes. 
( Fig. 1 d) [8] and closure of the inter-flake boundaries. The initial 
growth was limited by the flake boundaries to in-plane, but even- 
tually these boundaries disappeared and the flakes were sintered 
together, forming elongated grains along the flake length direction. 
The as-spun flake is ductile due to the suppression of the or- 
dered phases. Fig. 2 b shows that the (100) peak of the B2 phase 
and the (200) and (111) peaks of the D0 3 phase are present in the 
flake but in small quantities. The ordered phases are not entirely 
suppressed due to the relatively slow cooling rate with the 8 m/s 
wheel speed. As has demonstrated earlier that the degree of or- 
der gradually increases when the wheel speed is lowered [6] , and 
D0 3 ordering starts to appear at a wheel speed lower than 10 m/s 
[9] . After hot-press consolidation, significant ordering occurs as the 
peaks belonging to B2 and D0 3 increase significantly. The varying 
relative intensities of the A2 (200) peaks shown in Fig. 2 a suggests 
a strong preferred (200) texture in the flakes. The ratio of relative 
intensities of (200) to (110) peaks for the free side of the flake is 
0.52 while it is 0.23 for that of randomly oriented powder sample. 
The strong 〈 100 〉 out of plane texture of the flakes was not carried 
over to the hot-pressed sample. 
Magnetic losses with 10 kG peak flux density at 400 Hz and 
10 0 0 Hz, i.e., W10/40 0 and W10/10 0 0, are the key figures of merit 
to evaluate the efficiency of a SMM. The iron losses with increas- 
ing flux density B max for 0.11 mm, 0.20 mm, and 0.33 mm ring 
samples cut from hot pressed and annealed bulk are shown in 
Fig. 3 a. W10/400 and W10/10 0 0 are comparable, and in some 
cases, lower than that of the JFE commercial 6.5%Si sheet made by 
CVD/diffusion method ( Table 1 ) [10] . Flake samples exhibited much 
higher permeability. Fig. 3 b shows the effect of sample thickness 
on hysteresis and eddy current losses of the sample. 
The total iron loss consists of three components: hysteresis loss 
W h , eddy current loss W e , and anomalous loss W a [11] . According 
to Bertotti’s loss separation theory [12] and the classic eddy cur- 
rent equation [11] , the total loss W t is expressed as: 
W t = W h + W e + W a (1) 
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Fig. 3. Magnetic properties of the flake compressed sample with varying thickness. (a) Iron losses at 400 Hz and 1000 Hz; (b) B-H loop at DC and AC 400 Hz with 
B max = 10 kG. 
Table 1 
The key figures of merit for flake compressed samples and commercial Fe-Si samples from JFE with the same 
thicknesses. “NO Fe-Si” is an abbreviation for non-grain orientated silicon steel. JEF_JNHF is a CVD (chemical 
vapor deposition) gradient silicon steel where the silicon content is 3.2% in the center and 6.5% on the surfaces 
[10] . 
Properties Ameslab JFE_JNEX Ameslab JFE_JNHF Ameslab JFE_NO Fe-Si 
Si wt.% 6.5 6.5 6.5 3.2–6.5 6.5 3.2 
Thickness, 
mm 
0.11 0.1 0.20 0.2 0.33 0.35 
W10/400, 
W/kg 
6.1 5.7 7.2 14.5 10.8 14.4 
W10/1k, 
W/kg 
20.3 18.7 27.3 29.1 45.7 62.0 
DC, μMax 26.1k 23.0k 28.4k 3.9k 28.7k 18.0k 
Hysteresis loss is the energy loss when the magnetic sample 
goes through the magnetization and demagnetization cycles. The 
hysteresis loss is mainly controlled by the coercivity and perme- 
ability of the magnetic material. Higher permeability and lower 
coercivity lead to lower hysteresis loss. Hysteresis loss relates to 
maximum flux density amplitude B m and frequency f according to 
the Steinmetz law [13] : 
W h = k h B αm f (2) 
where k h is a material constant, and α is usually between 1.6–2.0. 
When the sample is magnetized and de-magnetized by alter- 
nating fields, eddy currents opposing the change in the field occur. 
The induced eddy currents produce heat, resulting in eddy cur- 
rent loss. The eddy current loss for laminates can be calculated by 
classical eddy current equation assuming the material is entirely 
homogenous and devoid of domains with a constant permeability 
under sinusoidal excitation field [3,11] . It is expressed as: 
W e = 10 
−9 π2 d 2 B m 
2 f 2 
6 ρ
erg 
sec c m 3 
(3) 
where d is the thickness in cm, B m is the maximum flux density 
amplitude in Gauss, f is the frequency in Hz, and ρ is the resistivity 
in Ω cm. 
Anomalous loss is one part of eddy current loss that classical 
eddy current equation fails to estimate. Bertotti [12] relates the 
anomalous loss to the 1.5th power of frequency as: 
W a = k a B βm f 1 . 5 (4) 
where k a represents the anomalous loss coefficient. 
Using the area enclosed in the DC hysteresis loop, the hysteresis 
loss W h can be determined. Table 2 shows the hysteresis loss, eddy 
current loss, and anomalous loss of our samples, which are in good 
agreement with the results acquired Qin et al. [14] on 0.23 mm 
thick Fe-6.5%Si. 
In order to solve for the coefficient for the above iron loss 
equations, the total iron loss equation is divided by the frequency, 
which results in: 
W t / f = W h / f + W e / f + W a / f = k h B αm + k e B 2 m f + k a B βm f 0 . 5 (5) 
where W h / f, W e / f , and W a / f represent hysteresis loss per cycle, 
eddy current loss per cycle, and anomalous loss per cycle, respec- 
tively. First, the hysteresis loss per cycle is fitted using the Stein- 
metz equation. Then, the eddy current loss is determined by the 
classical eddy equation where a resistivity value of 82 μ cm and 
a density value of 7.48 g/cc were used. The anomalous loss per cy- 
cle is derived by subtracting the hysteresis loss and eddy current 
loss components from the total loss per cycle. It was then fitted 
using Bertotti anomalous loss equation. 
Fig. 4 shows the iron loss separation per cycle for the 0.11 mm 
thick sample. The Steinmetz equation shows an excellent fit with 
the DC hysteresis loss data at B m ≤ 0.8 T. At higher B m level, the 
Steinmetz equation slightly underestimates the loss due to the sat- 
uration effect. The anomalous loss equation also shows a good fit 
with the experimental results, though it also slightly underesti- 
mates the losses at higher B m levels. The iron loss equations for 
the 0.11 mm thick sample at 400 Hz and 1000 Hz are: 
W t / f 400 Hz = 53 . 343 × B 1 . 77 m + 0 . 0243 × B 2 m f + 1 . 8152 × B 1 . 9609 m f 0 . 5 
(6) 
W t / f 1 kHz = 53 . 343 × B 1 . 77 m + 0 . 0243 × B 2 m f + 1 . 9768 × B 1 . 8835 m f 0 . 5 
(7) 
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Table 2 
Iron loss separation for Fe-6.5%Si laminates. In the table, f, B m , d, W h , W e , and W a are 
abbreviated for frequency, peak flux density, thickness, the hysteresis loss, the eddy 
current loss, and the anomalous loss, respectively. 
f B m d W h W e W a W t 
Hz kG mm W/kg % W/kg % W/kg % W/kg 
400 10 0.11 2.9 47.5 0.4 7.0 2.8 45.5 6.1 
400 10 0.20 2.9 39.1 1.7 23.5 2.7 37.4 7.3 
400 10 0.33 2.9 26.4 4.7 43.3 3.3 30.3 10.8 
1000 10 0.11 7.2 35.7 2.7 13.2 10.4 51.1 20.3 
1000 10 0.20 7.1 26.1 10.7 39.3 9.4 34.6 27.3 
1000 10 0.33 7.1 11.5 29.2 47.1 25.7 41.4 62 
Fig. 4. Iron loss analysis for the 0.11 mm thick sample. (a) Hysteresis loss per cycle at DC fitted with Steinmetz equation; (b) Anomalous loss at AC 400 Hz fitted with 
Bertotti’s anomalous loss equation; (c) Anomalous loss at AC 10 0 0 Hz fitted with Bertotti’s anomalous loss equation; (d) Comparison of the calculated total iron loss per 
cycle using the iron loss equations and the measured total iron loss per cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
Comparing to the loss separation equations on Fe-6.5%Si by 
Wang et al. [15] , the hysteresis coefficients are smaller while the 
eddy current and anomalous efficiencies are larger in Eqs. (6) and 
(7) . The lower hysteresis loss, and larger eddy current and anoma- 
lous loss components of the current sample are a result of its 
larger thickness (0.11 mm vs. 0.03 mm) and grain sizes. Also noted 
is that the coefficient increases while the power exponent de- 
creases on the anomalous loss equation at higher frequency, lead- 
ing to a greater portion of anomalous loss at higher frequencies. 
The hardness of the flake is 416 HV. After hot pressing, the 
hardness increases to 499 HV. The hot press was carried out at 
800 °C, then slowly cooled to room temperature. No significant 
grain growth was observed during the hot pressing process, which 
is consistent with the literature [16] . However, the slow cooling en- 
courages the formation of B2 and D0 3 phases, which contributes to 
the increasing hardness [17] . Fig. 5 shows the stress-strain curves 
for five specimens cut from the consolidated and heat treated sam- 
ple. The flexure strength of the specimens is 785 ± 85 MPa, and 
the bending modulus is 97 ± 4 GPa. The typical strength of sili- 
con steel ranges between 300 MPa to 500 MPa for the 0.3–0.5 mm 
laminates. The resistivity of the hot-pressed sample is 83.9 ± 1.3 
μ cm, which matches well with the value of 82 μ cm from the 
literature [5] . 
3.2. Coated Fe-6.5%Si flake 
To prevent flakes from being sintered together and to reduce 
W e for thick samples, a CaF 2 coating was applied to the flakes 
before the hot consolidation. Fig. 6 a shows the flake surface is 
well covered by CaF 2 (gray contrast in image confirmed by EDS). 
Fig. 6 c shows the consolidated sample possesses a desirable lami- 
nated structure with thin insulation layers (0.5 to 1 μm) containing 
a high concentration of Ca, Si, K and O (EDS maps in Fig. 6 d). No 
visible pores are present. 
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Fig. 5. Stress-strain curves of the hot pressed samples tested via 3-point bending 
tests. 
Mixed oxides of Ca, K, and Si likely formed and reacted in 
the interlaminate region during the hot pressing. Though having 
a highly negative formation enthalpy [18] , silicate should not be 
present due to the high silicon concentration revealed by EDS 
(atomic fractions (excluding oxygen) of Si, Ca, and K were 50%, 36%, 
and 15%). If Ca 2 SiO 4 or K 2 SiO 3 were present, the atomic fractions 
of Ca and K would be higher than that of the Si. The interlami- 
nate coating is likely a SiO 2 glass with additions of CaO and K 2 O, 
or so-called potash lime glass. The glassy coating is beneficial, as 
its viscoelastic nature will allow it to spread widely during the hot 
pressing at 800 °C then freeze to bond the flakes at room tempera- 
ture. Most importantly, the glassy coating also serves as electrically 
insulating layers between the Fe-6.5%Si flakes to reduce W e . 
M s of the CaF 2 treated 6.5%Si steel flakes was 1.76 T, slightly 
lower than the 1.8 T of the uncoated flakes. The nonferromag- 
netic glassy coating (~2.5 vol.% by image analysis) is responsible 
for the decrease in M s . The coercive force of the sample is 43 
A/m. The CaF 2 coated sample has good mechanical properties with 
a bending strength of 650 MPa. The coating significantly reduced 
the magnetic losses as shown in Fig. 7 a. The DC measurements 
show that the coating affects the permeability and the remanence 
B r ( Fig. 7 b). The reduction in permeability is caused by the glassy 
coating as it serves as an air gap between the flakes. While the 
decreased permeability may not be ideal for motor applications, 
it is still suitable for inductor applications as it can store more en- 
ergy per cycle at lower induction levels. [19] . Fig. 7 c shows the B-H 
loops at 400 Hz with B max = 1 T. It shows that the lower losses of 
the coated sample resulted from increased AC permeability, lower 
AC coercivity due to reduced eddy currents, and slightly lower B r . 
It is noted that the iron losses of the coated sample are higher than 
those of the thin laminates. This is caused by insufficient insulation 
due to the inhomogeneity of the coating. From the SEM image in 
Fig. 6 c, some flakes are misoriented; and there are several junc- 
tions with a surplus of coating, while several contacts are deprived 
of coating. The homogeneity of the coating should improve by op- 
timizing the surface roughness and thickness uniformity of flakes. 
An increase in aspect ratio may also facilitate better flake orienta- 
tion. 
Polymer was also investigated as the insulating material for the 
flakes. Table 3 compares the magnetic behaviors of the 5% epoxy 
resin bonded cores made of coated flakes and coated ball milled 
powders. The flake core outperformed the powder core in terms of 
the AC iron loss at all frequencies and flux densities tested. The 
flake core has a higher permeability than the powder core due 
to flake’s high aspect ratio, which leads to a lower demagnetiza- 
tion field than the powders. According to Aharoni [20] , the theo- 
retical demagnetization factor for granules with an aspect ratio of 
one is 0.333, and for the flake, is only 0.0439 assuming a length 
to thickness ratio of 30:1 [20,21] . Besides, the large overall size 
of the flakes also allows the growth of large grains, contributing 
to higher magnetic permeability, which reduces the W h . Limiting 
the thickness of the flakes to that of the powder diameter effec- 
tively limits the W e . With reduced W h and comparable W e , the 
flake core therefore has lower iron losses. Compared to Somaloy 
5P SMM powders by Hoganas [22] , the Fe-6.5%Si flake core sample 
shows about 5% lower loss. 
The eddy current pathways for powder core and flake core are 
illustrated in Fig. 8 . Fig. 8 b demonstrates the brick-wall type struc- 
ture in the newly proposed flake based soft magnetic materials. 
The constituents of both powder and flake cores all have the same 
dimension in the thickness direction, i.e., ~100 μm, which limits 
the magnitude of the eddy current induced. However, the high as- 
pect ratio of the flakes provides room for shape anisotropy and 
permeability improvement. For the sub KHz and low KHz range 
samples with ~100 μm thick constituents, the hysteresis loss is a 
significant component of the total iron losses. The improvement 
of permeability results in lower hysteresis loss, therefore leads to 
lower iron losses. It should be noted that the eddy current losses 
increase much more rapidly than hysteresis loss at higher frequen- 
cies and can be a major component. Recent results by Li et al. 
[23] on flaky-sendust show that larger aspect ratio flake based 
Fig. 6. (a) micrograph showing a CaF 2 coated flake; (b) photo of a hot consolidated sample; (c) micrograph showing the cross-section of the hot consolidated sample with 
(d) EDS maps showing the elemental distribution. 
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Fig. 7. (a) iron loss of flake cores as a function of B max at 400 Hz, the insets are the photos of the flake cores; (b) DC B-H loop of the flake cores; (c) B-H loop of the flake 
cores at 400 Hz with B max = 10 kG. 
Table 3 
Comparison of magnetic behaviors (accounting only magnetic portion of the core) of the polymer-bonded cores. In the 
table, pow., fl., B m , and f are abbreviated for powder core, flake core, peak flux density, and frequency, respectively. 
B8, B15, B20, and B80 represent magnetic flux density at 80 0 A/m, 150 0 A/m, 20 0 0 A/m, 80 0 0 A/m applied field, 
respectively. 
B m 
AC/Iron Loss (W/kg) 
0.1 T 0.2 T 0.5 T DC 
f , Hz pow. fl. pow. fl. pow. fl. B m pow. fl. 
50 0.14 0.05 0.48 0.18 2.33 0.87 B8, T 0.04 0.09 
60 0.14 0.07 0.72 0.26 2.84 0.99 B15, T 0.07 0.16 
100 0.32 0.12 1.19 0.43 4.87 1.83 B50, T 0.22 0.46 
400 1.37 0.55 4.78 1.92 20.03 8.72 B80, T 0.34 0.64 
1000 3.53 1.56 12.32 5.65 53.41 26.68 umax 35.90 86.75 
Fig. 8. Schematic of the cross-sections of the composite cores. (a) powder core; (b) 
flake core. 
samples can also lead to much lower eddy current losses. The 
lower eddy current losses from high aspect ratio flakes provides 
a basis for flake based Fe-6.5%Si cores for above KHz applications. 
4. Conclusion 
A novel concept that uses melt-spun flakes as building blocks 
for bulk SMM was demonstrated using high silicon steel (i.e. 6.5%Si 
steel), which is too brittle to be processed via traditional routes. 
The process starts with using a melt spinning method to make 
ductile flakes, then hot-pressing the ductile flakes into a bulk sam- 
ple. Once shaped, the sample is annealed at 1100 °C to induce 
the ordered phases for favorable magnetic properties. This method 
allows the preparation of bulk high silicon steel with high per- 
meability and low iron losses. The utilization of small flakes en- 
ables near net shape processing and the manipulation of crystal 
anisotropy and shape anisotropy. Thin hot pressed and annealed 
laminates exhibit low iron losses comparable to that of commer- 
cial 6.5%Si laminates by the CVD/diffusion process. Thick parts 
from these laminates suffer from high eddy current loss but coat- 
ing the flakes with CaF 2 effectively lowers the total losses. Epoxy 
coated flake inductor cores show improved DC and AC magnetic 
properties over epoxy coated powder cores due to reduced shape 
anisotropy, with 5% lower losses than the commercially available 
Somaloy powder cores. The novel application of macroscopic flakes 
as building blocks shows great potential for both motor and power 
electronics applications. 
Declaration of Competing Interest 
The authors declare that they have no known competing finan- 
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 
Acknowledgements 
Research in Ames Lab was supported by U.S. DOE, Office of 
Energy Efficiency and Renewable Energy (EERE), under its Ve- 
hicle Technologies Program, through the Ames Laboratory, Iowa 
State University under contract DE-AC02–07CH11358 . Part of this 
work was financially supported by the U.S. Department of Energy , 
Office of Energy Efficiency and Renewable Energy (EERE) under 
the Award Number EE0 0 07794 . Sandia National Laboratories is a 
multi-mission laboratory managed and operated by National Tech- 
nology and Engineering Solutions of Sandia, LLC., a wholly owned 
subsidiary of Honeywell International, Inc., for the U.S. Department 
of Energy’s National Nuclear Security Administration under con- 
tract DE-NA-0 0 03525. This paper describes objective technical re- 
sults and analysis. Any subjective views or opinions that might be 
expressed in the paper do not necessarily represent the views of 
the U.S. Department of Energy or the United States Government. 
References 
[1] M.E. McHenry , D.E. Laughlin , Nano-scale materials development for future 
magnetic applications, Acta Mater. 48 (1) (20 0 0) 223–238 . 
[2] K. Arai , N. Tsuya , Ribbon-form silicon-iron alloy containing around 6.5 percent 
silicon, IEEE Trans. Magn. 16 (1) (1980) 126–129 . 
216 G. Ouyang, B. Jensen, W. Tang et al. / Acta Materialia 201 (2020) 209–216 
[3] G. Ouyang , X. Chen , Y. Liang , C. Macziewski , J. Cui , Review of Fe-6.5 wt%Si high 
silicon steel—A promising soft magnetic material for sub-kHz application, J. 
Magn. Magn. Mater. 481 (2019) 234–250 . 
[4] J.M. Silveyra , E. Ferrara , D.L. Huber , T.C. Monson , Soft magnetic materials for a 
sustainable and electrified world, Science 362 (6413) (2018) . 
[5] R.M. Bozorth , Ferromagnetism, Van Nostrand, New York, 1951 . 
[6] G. Ouyang , B. Jensen , C. Macziewski , T. Ma , F. Meng , Q. Lin , L. Zhou , M. Kramer , 
J. Cui , Characterization of ordering in Fe-6.5%Si alloy using X-ray, TEM, and 
magnetic TGA methods, Mater. Charact. 158 (2019) 109973 . 
[7] Z. Bir ̌cáková, P. Kollár , B. Weidenfeller , J. Füzer , M. Fáberová, R. Bureš, Re- 
versible and irreversible DC magnetization processes in the frame of magnetic, 
thermal and electrical properties of Fe-based composite materials, J. Alloys 
Compd. 645 (2015) 283–289 . 
[8] M. Baricco , E. Mastrandrea , C. Antonione , B. Viala , J. Degauque , E. Ferrara , 
F. Fiorillo , Grain growth and texture in rapidly solidified Fe(Si) 6.5 wt.% rib- 
bons, Mater. Sci. Eng. A 226-228 (1997) 1025–1029 . 
[9] G. Ouyang , B. Jensen , W. Tang , K. Dennis , C. Macziewski , S. Thimmaiah , 
Y. Liang , J. Cui , Effect of wheel speed on magnetic and mechanical properties 
of melt spun Fe-6.5 wt.% Si high silicon steel, AIP Adv. 8 (5) (2018) 056111 . 
[10] Super CoreTM Electrical steel sheets for high-frequency application, JFE Steel 
Corporation. http://www.jfe-steel.co.jp/en/products/electrical/catalog/f1e-002. 
pdf , (accessed 10/4/2020). 
[11] D. Jiles , Introduction to Magnetism and Magnetic Materials, 3rd Edition, CRC 
Press, 2015 . 
[12] G. Bertotti , General properties of power losses in soft ferromagnetic materials, 
IEEE Trans. Magn. 24 (1) (1988) 621–630 . 
[13] C. Steinmetz , Note on the Law of Hysteresis, Electrician 26 (1891) 261–262 . 
[14] J. Qin , P. Yang , W. Mao , F. Ye , Effect of texture and grain size on the mag- 
netic flux density and core loss of cold-rolled high silicon steel sheets, J. Magn. 
Magn. Mater. 393 (2015) 537–543 . 
[15] S. Wang , Y.M. Jiang , Y.F. Liang , F. Ye , J.P. Lin , Magnetic Properties and Core Loss 
Behavior of Fe-6.5 wt.% Si Ribbons Prepared by Melt Spinning, Adv. Mater. Sci. 
Eng. 2015 (2015) 410830 . 
[16] F. Faudot , J.F. Rialland , J. Bigot , Study of order-disorder effect on magnetic prop- 
erties of rapidly quenched Fe-6.5 wt% Si alloys, Phys. Scr. 39 (1989) 263–267 . 
[17] J.S. Shin , J.S. Bae , H.J. Kim , H.M. Lee , T.D. Lee , E.J. Lavernia , Z.H. Lee , Order- 
ing-disordering phenomena and micro-hardness characteristics of B2 phase in 
Fe-(5-6.5%)Si alloys, Mater. Sci. Eng. A 407 (1–2) (2005) 282–290 . 
[18] R.R. Brown , K.O. Bennington , Thermodynamic properties of potassium metasil- 
icate (K2SiO3), Thermochim. Acta 122 (2) (1987) 289–294 . 
[19] A.M. Leary , P.R. Ohodnicki , M.E. McHenry , Soft Magnetic Materials in High-Fre- 
quency, High-Power Conversion Applications, JOM 64 (7) (2012) 772 . 
[20] A. Aharoni , Demagnetizing factors for rectangular ferromagnetic prisms, J. 
Appl. Phys. 83 (6) (1998) 3432–3434 . 
[21] D. Chen , E. Pardo , A. Sanchez , Demagnetizing factors for rectangular prisms, 
IEEE Trans. Magn. 41 (6) (2005) 2077–2088 . 
[22] Somaloy, powders for electromagnetic applications. https://www. 
hoganas.com/en/powder- technologies/soft- magnetic- composites/products/ 
coated- powders- for- electromagnetic- applications/ , (accessed 10/4/2020). 
[23] W. Li , H. Cai , Y. Kang , Y. Ying , J. Yu , J. Zheng , L. Qiao , Y. Jiang , S. Che , High per- 
meability and low loss bioinspired soft magnetic composites with nacre-like 
structure for high frequency applications, Acta Mater. 167 (2019) 267–274 . 
